How do plants use scent to attract pollinators while preventing herbivory? New research reveals the genetic basis by which tobacco plants control the temporal emission of volatile attractants from flowers and leaves, enabling attraction of the predators of pests during the day and pollinators at night.
Flowering plants are under incredible selective pressure from a variety of biological sources; they must maximize their reproductive fitness while often encountering intense selective pressure through herbivory. Charles Darwin famously referred to the origin of flowering plants as an 'abominable mystery' in his correspondence with Joseph Hooker in 1879 [1] . Although often credited with this idea, Darwin built upon ideas of Gaston de Saporta, a paleobotanist, who believed that the diversification and species richness of flowering plants was due to their relationship with insects [2] . Today, we have increased understanding of how pollinating insects shape the evolution of flower and plant traits [3, 4] , but how response to herbivory shapes these traits remains comparatively understudied. A fascinating new study on how herbivory modifies emission of leaf and flower volatiles in Nicotiana attenuata, published in this issue of Current Biology [5] , demonstrates that plants have a remarkable ability to reduce potential conflict between plant defense and pollination, and suggests that Darwin's abominable mystery may also reflect the interplay between these two processes.
Plants have evolved a suite of traits in their secondary defenses to modify insect pest behavior, as well as to attract predators of the pests. One of those traits is herbivory-induced volatile production, where damage from pests induces changes in the plant's volatile emissions that causes effects across trophic levels, including signaling from the damaged plant to its neighbors, attraction of predatory insects that feed on the pests, and reduction in the behavioral attraction to the plant by the pests themselves [6, 7] . Nonetheless, the induced volatiles may have a direct impact on plant fitness -for instance, in the case where the predator presence might not only mean a threat for herbivores but also for pollinators, or where the induced volatiles are aversive to the pollinators. Plant responses might thus directly conflict with pollinator attraction.
The complex interplay of forces operating on herbivory-and pollinationrelated plant traits is especially apparent when an insect is not only the dominant pollinator of the plant, but also the dominant pest. Such is the case for the interaction between Manduca spp. moths and the tobacco plant, Nicotiana attenuata ( Figure 1A ). In the semi-arid environment of the Southwest USA, N. attenuata relies on adult Manduca moths for pollination ( Figure 1B ), but female moths also oviposit on the plant and, once hatched, a single Manduca larva has the ability to consume an entire plant ( Figure 1C) . Previous studies have shown that larval damage to N. attenuata induces emission of volatiles that attract carnivorous insects [8] , but how the plant responds to the conflict between herbivory while maintaining pollination services by adult Manduca was unclear.
To explore the bases of this conflict, Zhou et al. [5] studied the temporal emission of herbivory-induced volatiles between leaves and flowers -in particular, focusing on the sesquiterpene (E)-a-bergamotene, an induced volatile that was previously shown to attract carnivorous insects [8] . When subject to herbivory, (E)-a-bergamotene is produced at much higher levels from the leaves. Remarkably, (E)-a-bergamotene is produced at two peaks during the day -the first in the morning and the second later in the afternoon. These two peaks match the activity levels of carnivorous insects (Geocoris spp.). The daytime (E)-a-bergamotene emissions from leaves are the opposite of those from flowers, which has a peak at night when Manduca adults are present, suggesting that circadian control of tissue-specific volatile pathways might be one mechanism to control pest abundances An important open question is the genetic and cellular bases by which plants mitigate the potential conflict between herbivory and pollination, and how these selective pressures influence plant traits. Over the last several years there has been an increase in the identification of genes controlling the emission of volatiles that attract certain pollinators and mediate differential reproduction in plants [9,10].
But there has been a paucity of identified genes involved in both pollination and plant secondary defenses. Are these genes under positive, neutral, or stabilizing selection, and how does herbivory and pollination contribute to the evolution of these volatile pathways? In the Zhou et al. paper [5] , the authors use a QTL approach to identify the loci and then genes correlated with the emission of (E)-a-bergamotene, finding one gene in particular, the N. attenuata terpene synthase 38 (NaTPS38), as the putative gene associated with emission of the volatile. Subsequent heterologous expression in E. coli and examining the expression profile in flowers and induced leaves demonstrated that NaTPS38 was the likely gene in (E)-a-bergamotene biosynthesis. Finally, using virus-induced gene silencing demonstrated that silencing NaTPS38 dramatically reduced the emission of (E)-a-bergamotene. A fascinating component of this work is that NaTPS38 evolved from a monoterpene synthase and is specific to Solanaceous plants, having diverged from its ancestor by using a different substrate ((E,E) farnesyl pyrophosphate) involved in sesquiterpene biosynthesis. Furthermore, NaTPS38 is under positive selection at the species and population levels, suggesting that both pollination and herbivory may be contributing in the evolution of this pathway.
How then is (E)-a-bergamotene involved in N. attenuata reproductive fitness? The floral emission of (E)-a-bergamotene peaks at night, which is the time when foraging Manduca moths are present, but (E)-a-bergamotene is emitted at relatively low levels compared with some of the other dominant volatiles in the N. attennuata headspace (e.g., benzyl acetone) that have been shown to play an important role in attracting moths from long distances. Furthermore, (E)-a-bergamotene is barely detected by the moth's antenna (primary olfactory organ of the moths) and does not influence the moth's odor-tracking ability to the flower. However, (E)-a-bergamotene could operate as a short-range signal to assist in proboscis placement and nectar localization. In an elegant series of experiments, Zhou et al. [5] show that chemosensory sensilla on the moth's proboscis respond to (E)-a-bergamotene, and that (E)-a-bergamotene increases the probing time of the moths to the flower. Importantly, the longer probing time directly increases plant fitness -plants supplemented with (E)-a-bergamotene had much higher seed-set than those without supplementation.
The ability to dynamically control the emission levels of (E)-a-bergamotene in the leaves -thereby increasing predation of its pest, while increasing the pollination of its flower by that same pest -demonstrates a novel mechanism by which plants compensate for the potential conflict between herbivory-and pollination-related processes. It is remarkable that plants have this temporal control of specific volatile pathways, and demonstrates the flexibility that plants have evolved in response to these selective pressures. Circadian control of flower volatiles has shown to be a mechanism for reproductive isolation in plants [10, 11] . The study by Zhou and coworkers demonstrates that plants also have this ability to modulate its secondary defenses, providing motivation to understand not only Darwin's abominable mystery with respect to the evolution of phenotypic traits involved in plantpollinator interactions, but also herbivory and plant defense. In the Southwest USA, the N. attenuata tobacco plant (A) operates as both an important nectar resource for nighttime foraging adult M. sexta moths (B), and also as the hostplant for developing M. sexta larvae (C). N. attenuata solves this conflict between herbivory and pollination by temporal control of the volatile (E)-a-bergamotene from leaves and flowers. (E)-a-bergamotene emitted from flowers operates as an attractant for nighttime adult moths while daytime emission from leaves attracts carnivorous insects that feed on the M. sexta larvae. The tissue-specific temporal control of (E)-a-bergamotene emissions between flowers (emits at night) and leaves (emits during day) facilitates pollination while mitigating herbivory. Images courtesy of R. Wolf, C. Hedgecock, and M. Pankratz. Traditional cognitive neuroscience is based on studying single individuals in a lab. A paradigm shift is made by a new study that monitors simultaneously the brains of a dozen students in a classroom setting and demonstrates a link between brain-to-brain synchrony and classroom engagement.
In response to my enthusiastic effort to explain some of the 'interesting' cognitive neuroscientific experiments we have been performing in our laboratory, my young son decried: ''No Dad, this does not make sense! In real-life situations, we are not waiting to see just a scrambled image on a monitor in a prison-like cell''. My enthusiasm had been short lived: not yet 10 years old, and he had brilliantly spotted (and exposed) the artificiality of the experimental approach routinely adopted by most cognitive neuroscientists. A new study by Dikker et al. [1] , reported in this issue of Current Biology, promises a paradigm shift by demonstrating the feasibility of monitoring the brain activity of a large group of interacting individuals in a naturalistic setting and establishing a clear link between interacting brains and behavior at the group level. Over the last two decades, we have witnessed an explosion of research aimed at understanding the functioning of the human brain [2] . The brain activity is now recorded in unprecedented detail and analysed with sophisticated data analysis techniques, often borrowed from mathematics and physics [3] . Yet the dominant experimental approach has remained roughly consistent over decades: study a cognitive function in isolation in a sterile laboratory environment. This essentially reductionist practice helps the researcher to come up with a well-controlled experimental design that generates cleaner data and interpretable research findings. Yet it also raises serious doubts, because the tasks studied in the laboratory are not always good representatives of real-life situations, and studying an individual in isolation is almost in complete contradiction to the inherent social fabric of human nature. There is thus a tension between ''the generality and tractability of research questions'' [4] .
Humans are social animals and almost every human behavior needs to be understood in the context of social interactions [5] . In recent years, there has been increasing interest in understanding the neurophysiological basis of social behavior by adopting hyperscanning techniques -simultaneous recording of neural activity from two or more interacting individuals in various interactive paradigms, such as finger tapping, guitar playing, playing in a string quartet, conversational speech, decision making or playing a video game (reviewed in [6] ). These studies are slowly breaking the traditional mould of studying one person's brain in isolation; instead, they emphasize the interactive nature of human cognition [7] . Framed in the dynamical system theory, here brain functions are expressed as a complex and dynamical interplay between brain, behaviour and the environment [8] .
Dikker et al. [1] took this approach to heart and performed the entire hyperscanning experiment on a group of individuals interacting in a naturalistic setting and over a long period. They used portable electroencephalographic (EEG) units, considerably cheaper than the traditional EEG units in a standard research lab, to simultaneously record brain activities from a class of twelve students in their senior year at a high school in New York City. The students were engaged in various classroom activities while their brain activities were recorded, and the experiment lasted over the entire course of a semester (eleven recording sessions). The study investigated a central question: when students are highly engaged in the classroom (either by classroom material or by interacting with each other), do their
